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ABSTRACT
The recent discovery of a roughly simultaneous periodic variability in the light curves of the BL Lac
object PG1553+113 at several electromagnetic bands represents the first case of such odd behav-
ior reported in the literature. Motivated by this, we analyzed 15 GHz interferometric maps of the
parsec-scale radio jet of PG1553+113 to verify the presence of a possible counterpart of this periodic
variability. We used the Cross-Entropy statistical technique to obtain the structural parameters of
the Gaussian components present in the radio maps of this source. We kinematically identified seven
jet components formed coincidentally with flare-like features seen in the γ-ray light curve. From the
derived jet component positions in the sky plane and their kinematics (ejection epochs, proper mo-
tions, and sky position angles), we modeled their temporal changes in terms of a relativistic jet that is
steadily precessing in time. Our results indicate a precession period in the observer’s reference frame
of 2.24 ± 0.03 years, compatible with the periodicity detected in the light curves of PG1553+113.
However, the maxima of the jet Doppler boosting factor are systematically delayed relative to the
peaks of the main γ-ray flares. We propose two scenarios that could explain this delay, both based
on the existence of a supermassive black hole binary system in PG1553+113. We estimated the char-
acteristics of this putative binary system that also would be responsible for driving the inferred jet
precession.
Keywords: BL Lacertae objects: individual (PG 1553+113) — galaxies: active — galaxies: jets —
techniques: interferometric — black hole physics
1. INTRODUCTION
BL Lac objects belong to the blazar class of active
galactic nuclei (AGNs) that are characterized by rel-
ativistic jets pointing very close to the observer’s line
of sight, intense high-energy emission, and variability
across the entire electromagnetic spectrum.
The BL Lac object PG1553+113 has an estimated
redshift, z, of 0.49±0.041 (Abramowski et al. 2015) and
it is classified as a high synchrotron peaked source (e.g.,
Fan et al. 2016). Previous interferometric radio obser-
vations of PG1553+113 revealed a very compact core–
jet structure extending to the northeast direction (e.g.,
Tiet, Piner & Edwards 2012; Piner & Edwards 2014).
This source has been studied in several campaigns
that investigated its multi-wavelength and polarimetric
1 This value is compatible with the range 0.39-0.58 previously
estimated by Danforth et al. (2010).
variabilities (e.g., Ackermann et al. 2015; Raiteri et al.
2015; Itoh et al. 2016; Raiteri et al. 2017), leading to de-
tections of significant rotation in the optical electric vec-
tor position angles (EVPAs) that are coincident with γ-
ray flares (e.g., Blinov et al. 2016; Hovatta et al. 2016;
Jermak et al. 2016).
PG1553+113 has gained attention after
Ackermann et al. (2015) found a periodicity of
2.18 ± 0.08 years in its γ-ray emission seen by the
Fermi Large Area Telescope. Its reliability is strength-
ened by correlated oscillations in simultaneous radio
and optical light curves. According to the authors,
possible origins for this periodicity include nearly
periodic pulsational accretion flow instabilities that
should modulate the energy outflow efficiency, periodic
accretion perturbations or jet nutation caused by the
presence of a gravitationally bound supermassive black
hole (SMBH) binary system, and geometrical models
such as jet precession, rotation or helical jet structure
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Figure 1. Left panel: Core-component angular separation versus time for the jet components in PG 1553+113. Filled symbols
represent components identified in this work: navy circles for C1; blue stars for C2; light blue triangles for C3; violet squares
for C4; purple inverted triangles for C5; dark red circles for C6; red stars for C7. Unidentified components are shown by open
black circles. Continuous lines represent linear regressions applied for the individual jet components, while colored horizontal
bars show the 1σ uncertainty in their ejection epochs. Vertical yellow bars mark the peak of flare-like features in the public
Fermi γ-ray light curve (the bar width of 30 days corresponds to the binning used in the referred light curve). Right panel:
Right ascension and declination offsets of the same jet components. Straight lines represent their mean position angles.
in which the observed changes are due to variations in
the viewing angle, and, consequently, in the resulting
Doppler factor. Such a helical jet model was considered
by Raiteri et al. (2015) to fit the SEDs of PG1553+113
in different brightness states.
A jet periodic precession scenario induced
by a binary SMBH system was proposed by
Sobacchi, Sormani & Stamerra (2017) to explain
the two-year variability. In their model, the jet is
carried by the least massive BH in the system, and the
observed precession is due to the imprint of the SMBH
orbital speed on the jet.
In this work, we identified seven parsec-scale jet com-
ponents in the source PG1553+113 and determined
their kinematics, as well as the position angles of their
trajectories in the sky plane. The detected variations in
their apparent velocities and position angles with time
are compatible with precession of a relativistic, parsec-
scale jet with a period of ∼ 2.24 years. We also an-
alyzed the feasibility that the jet precession is being
caused by a putative binary SMBH system in which
the orbital plane of the secondary SMBH is not coinci-
dent with the primary accretion disk, inducing torques
in its inner parts (e.g., Abraham 2000; Romero et al.
2000; Caproni & Abraham 2004a,b; Caproni et al. 2006,
2013).
We assume throughout this work H0 = 71 km s
−1
Mpc−1, ΩM = 0.27 and ΩΛ = 0.73, implying that
1.0 mas = 6.02 pc and 1.0 mas yr−1 = 29.24c for
PG1553+113, where c is the speed of light.
2. OBSERVATIONAL DATA AND JET
KINEMATICS
We used interferometric radio maps of PG1553+113
publicly available in the MOJAVE/2 cm Survey Data
Archive (Lister et al. 2009). These 15 GHz data consist
of 17 naturally weighted total intensity maps obtained
from 2009 to 2016. This interferometric monitoring cor-
responds to more than 3.3 times the γ-ray periodicity
detected by Ackermann et al. (2015), which makes it
suitable for searching for possible signatures of this pe-
riodicity in its parsec-scale jet structure.
We assumed that the individual radio maps of
PG1553+113 can be decomposed in elliptical
Gaussian components. Their structural parame-
ters were determined via the Cross-Entropy (CE)
global optimization technique (e.g, Rubinstein 1997;
Caproni, Monteiro & Abraham 2009; Caproni et al.
2014). We found the optimal number of Gaussian com-
ponents in each image following the criteria proposed
in Caproni et al. (2014), leading to a minimum of two
and a maximum of five components in the images
analyzed in this work. The brightest component in all
epochs (flux densities between ∼122 and 186 mJy) is
the southernmost feature in our model fittings, as well
as the closest component to the reference center of the
images. It is also unresolved by observations (major
axis between ∼0.1 and 0.2 mas), and its associated
brightness temperature ranged from about 4.3 × 1010
K to 1.5× 1011 K. We identified this component as the
core, where the jet inlet region must be located.
We found seven jet components (C1–C7) that recede
ballistically from the core, as it is shown in Figure
1. In this figure, it is noted that the ejection epochs
of the jet components C2–C7 coincide, within the un-
certainties, with the peaks of flare-like features in the
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public Fermi γ-ray light curve (there is no γ-ray data
at the ejection epoch of C1). Since this relation be-
tween ejection of new jet components and occurrence
of flares in γ-rays has been found in other AGNs (e.g.,
Otterbein et al. 1998; Jorstad et al. 2001; Agudo et al.
2011; Cutini et al. 2014; Lisakov et al. 2017), we believe
it provides extra support to our identification scheme
given the low number of epochs at which these jet com-
ponents were detected. Changes in the proper motions
(∼ 0.15–0.61 mas yr−1) and in the mean position an-
gles (∼ 8◦–75◦) of the jet components are easily seen
in Figure 1. It suggests that the parsec-scale jet of
PG1553+113 is not steadily oriented in relation to the
observer, as jet precession is a viable scenario to account
for such behavior.
3. A PRECESSING JET IN PG1553+113
The precession model used in this work
has been successfully applied to other AGNs
(e.g., Abraham & Romero 1999; Abraham 2000;
Caproni & Abraham 2004a,b; Caproni et al. 2013). It
assumes a relativistic jet with a constant bulk speed
v and an instantaneous viewing angle φ that varies
with time due to precession with a constant precession
period measured in the observer’s reference frame,
Pprec,obs. The relationship between Pprec,obs and the
precession period measured in the source’s reference
frame, Pprec,s, is calculated from
Pprec,s =
Pprec,obs
(1 + z) (1− β cosϕ0 cosφ0)
, (1)
where β = v/c, ϕ0 is the semi-aperture angle of the
precession cone, and φ0 is the viewing angle of its axis.
The time modulation in φ introduced by precession
produces a periodic variation in the apparent speed of
the jet components, βobs,
βobs(τs) =
β sinφ(τs)
[1− β cosφ(τs)]
, (2)
cosφ(τs) = −ex,s(τs) sinφ0 + cosϕ0 cosφ0, (3)
where τs = ts/Pprec,s, ts is the time measured in the
source’s reference frame, as well as in the position angle
of the jet components, η (positive from north to east),
tan η(τs) =
A(τs) sin η0 + ey,s(τs) cos η0
A(τs) cos η0 − ey,s(τs) sin η0
, (4)
and also in the Doppler boosting factor, δ,
δ(τs) = γ
−1 [1− β cosφ(τs)]−1 , (5)
where
A(τs) = ex,s(τs) cosφ0 + cosϕ0 sinφ0, (6)
ex,s(τs) = sinϕ0 sin(ι2pi∆τs), (7)
ey,s(τs) = sinϕ0 cos(ι2pi∆τs), (8)
∆τs = τs − τ0,s, τ0,s = t0,s/Pprec,s is the precession
phase, ι is the sense of precession (ι = 1 for clock-
wise sense and ι = −1 for counterclockwise sense; see
Caproni, Monteiro & Abraham 2009 for further details),
η0 is the position angle of the precession axis in the sky
plane (positive from north to east), and γ is the bulk jet
Lorentz factor.
The elapsed time measured in the observer’s reference
frame, ∆tobs, is related to that inferred in the source’s
frame as
∆tobs
Pprec,obs
=
∫∆τs
0 δ
−1(τ)dτ∫ 1
0
δ−1(τ)dτ
. (9)
The seven free parameters in our precession model,
Pprec,obs, ι, γ, η0, φ0, ϕ0 and τ0,s were determined via
the CE technique (Caproni, Monteiro & Abraham 2009;
Caproni et al. 2013). For each sense of precession, our
CE optimization code minimizes a merit function S(k)
at iteration k that is defined as
S(k) = S1(k) + S2(k), (10)
where
S1(k) = − ln
{
Nd∏
i=1
exp
[− 12 (S2αi(k) + S2δi(k) + S2ri(k))]
(2pi)
3/2
σ∆αiσ∆δiσ∆ri
}
,
(11)
S2(k) = − ln


Nkin∏
i=1
exp
[
− 12
(
S2βobs,i(k) + S
2
ηi(k) + S
2
β′
obs,i
(k)
)]
(2pi)
3/2
σβobs,iσηiσβ′obs,i

 ,
(12)
where Nd is the number of Gaussian components, and
σ∆αi , σ∆δi , and σ∆ri are, respectively, the uncertainties
in right ascension, declination, and core-component
offsets. In addition, Sαi(k) = σ
−1
∆αi
[∆αi −∆αmodi(k)],
Sδi(k) = σ
−1
∆δi
[∆δi −∆δmodi(k)], Sri(k) =
σ−1∆ri [∆ri −∆rmodi(k)], ∆r2i = ∆α2i + ∆δ2i ,
∆r2modi = ∆α
2
modi
+ ∆δ2modi , ∆αi and ∆δi are,
respectively, the right ascension and declination offsets
of the jet component i in relation to the core component,
and ∆αmodi and ∆δmodi are, respectively, the right
ascension and declination offsets of the jet component i
predicted by the precession model (equations (12) and
(13) in Caproni et al. 2013).
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Table 1. The Precession-model Parameters Optimized by Our CE technique for Both Clockwise and Counterclockwise Senses
of Precession.
ι Pprec,obs Pprec,s γ η0 φ0 ϕ0 τ0,s S(kmax)
a
(year) (year) (deg) (deg) (deg)
1 2.340 ± 0.044 152.215 ± 29.381 26.437 ± 4.407 57.465 ± 3.777 5.691 ± 1.047 5.559 ± 0.470 0.797 ± 0.084 912.21
-1 2.245 ± 0.011 29.634 ± 0.562 24.629 ± 3.853 48.154 ± 0.885 15.254 ± 0.171 10.059 ± 0.156 0.271 ± 0.004 30.54
Note—The uncertainties in each parameter correspond to the 1σ level.
aMerit function at the final iteration (kmax = 65).
Furthermore, Nkin is the number of jet
components identified kinetically in this
work, Sβobs,i(k) = σ
−1
βobs,i
[
βobs,i − βmodobs,i(k)
]
,
Sηi(k) = σ
−1
ηi tan
[
ηobs,i − ηmodobs,i(k)
]
, Sβ′
obs,i
(k) =
σ−1β′
obs,i
[
β′obs,i − βmod′obs,i (k)
]
, βobs,i and ηobs,i are, respec-
tively, the apparent speed and position angle of the jet
component i in the sky plane, while σβobs,i and σηi are
their respective uncertainties. Primed and non-primed
quantities are given in terms of time (in the observer’s
reference frame) and position angle, respectively, with
σβ′
obs,i
=
√
σβobs,iσηi .
Following the procedures adopted in Caproni et al.
(2014)2, we estimated the probable range for the bulk
Lorentz factor of the parsec-scale jet, roughly between
9.9 and 52.0, and its viewing angle, between 4.◦9 and
20.◦5. They are compatible with previous estimates
found in the literature (e.g., Celotti & Ghisellini 2008;
Raiteri et al. 2017), and they were used as input in
our CE precession-model optimizations. The optimal
precession period in the observer’s reference frame was
searched between 1.9 years (the γ-ray periodicity minus
its uncertainty; Ackermann et al. 2015) and 7.5 years
(the approximated interval of the radio interferometric
observations). The optimal position angle of the preces-
sion axis in the sky plane was searched between 30◦and
60◦, which corresponds, respectively, to the mean posi-
tion angle of the individual jet components subtracted
and added by the respective standard deviation.
We show the optimal precession-model parameters for
both clockwise and counterclockwise senses of precession
in Table 1. A comparison between our precession models
and the kinematic data of the identified jet components
is presented in Figure 2. A visual inspection of this
figure indicates that only the counterclockwise model
2 In a few words, it is based on a plot that relates the distri-
bution of the apparent velocities of the jet components and the
Doppler boosting factors derived from the core brightness temper-
atures (e.g., Figure 7 in Caproni et al. 2014).
fits the data set, which is corroborated by the values of
S(k = kmax) shown in Table 1.
The counterclockwise jet precession period in the ob-
server’s reference frame is compatible with the γ-ray
periodicity reported by Ackermann et al. (2015). How-
ever, major γ-ray flares seem to lead temporal variations
in the counterclockwise Doppler factor in Figure 2. The
application of the discrete discrete correlation function
(Edelson & Krolik 1988) confirms it, resulting in a de-
lay of ∼ 0.45 years, suggesting that these γ-ray flares
are not driven by jet precession. We propose two pos-
sible explanations for such a delay, both involving the
presence of an SMBH binary system in the nucleus of
PG1553+113.
The γ-ray periodicity could be related to the cross-
ing of the secondary SMBH through the accretion disk
of the primary SMBH, as in the BL Lac object OJ 287
(e.g., Lehto & Valtonen 1996). The crossing could in-
duce perturbations in the primary’s disk, enhancements
of the accretion rate that result in an increase of the
jet flow, the formation of subsequent shocks, and the
corresponding flares (Valtaoja et al. 2000).
Another possibility is that γ-ray periodicity is a con-
sequence of inverse Compton scattering of seed photons
from the accretion disk of the secondary SMBH by the
relativistic particles in the precessing jet. The relative
orientation between jet and secondary disk would be
modulated by the jet precession, which could introduce
a variability in the γ-ray light curve with a similar period
of the jet precession. Interestingly, the jet precession pe-
riod inferred in this work agrees with the reported γ-ray
periodicity at a 1σ level.
4. AN SMBH BINARY SYSTEM IN PG1553+113
In this section, we estimate the characteristics of a
putative SMBH binary system in PG1553+113, assum-
ing that the inferred jet precession is driven by a sec-
ondary SMBH with mass Ms in a non-coplanar circular
orbit of radius Rps around the primary SMBH with mass
Mp (e.g., Sillanpa¨a¨ et al. 1988; Katz 1997; Abraham
Jet precession in PG1553+113 5
Figure 2. Our CE optimized models for clockwise (left panels) and counterclockwise (right panels) senses of precession of the
parsec-scale jet of PG 1553+113. Solid curves represent the predictions from the precession models presented in Table 1 in
the time-independent βobs − η plane (top panels), as well as these two quantities as a function of time. Circles correspond to
the apparent speeds and position angles in the sky plane of the jet components identified in this work. Black color codes jet
components with at least three epochs of detection, while gray color refers to those with only two epochs of observation. The
bottom panels show the time behavior of the Doppler boosting factor superposed to the the public Fermi γ-ray light curve (blue
squares). Vertical yellow bars show the 1σ-uncertainty range for the ejection epochs of the jet components.
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2000; Romero et al. 2000; Caproni & Abraham 2004a,b;
Caproni et al. 2006, 2013; Roland et al. 2013). The
parsec-scale jet of PG1553+113 is assumed to be as-
sociated with the primary SMBH.
Following the formalism employed by Bate et al.
(2000), and also assuming that the Roche lobe radius
can be used as a proxy for the outer radius of the pri-
mary’s disk (as in Caproni et al. 2006), we established
a relationship between Pprec,s and the orbital period of
the secondary SMBH, Pps,s
Pps,s
Pprec,s
= [K(s) cosϕ0]
[
q [0.88f(q)]
3/2
(1 + q)1/2
]
, (13)
where K(s) ≈ 0.75(s + 5/2)/(s + 4), s is the power-
law index of the surface density, Σ, of the pri-
mary’s disk (Σ(r) ∝ rs), q = Ms/Mp, and f(q) =(
0.49q2/3
) [
0.6q2/3 + ln
(
1 + q1/3
)]−1
.
Independent of the values of s and q, the stability of
the binary system against gravitational-wave losses must
be fulfilled to produce a time-steady jet precession. Fol-
lowing Shapiro & Teukolsky (1983), the gravitational-
wave timescale in the source’s reference frame, τGW,s,
can be written in terms of Pprec,s as follows:
τGW,s
Pprec,s
=
5c5K(s) cosϕ0
(128pi3)
2
(
Pps,s
Rps
)5
[0.88 (1 + q) f(q)]
3/2
.
(14)
Setting τGW,s & 10
5 years (∼ 3375Pprec,s) in equation
(14),3 q necessarily must be larger than ∼ 0.35 for s = 0,
increasing to 0.81 for s = −2. These limits in q translate
to lower limits for Pps,s and Rps: 0.54 years and 1.01×
10−3 pc for s = 0, and 0.59 years and 1.08× 10−3 pc for
s = −2.
It is also possible to estimate a lower limit for the ratio
of semi-thickness of the primary accretion disk to radius,
H/r in terms of q. Following Bate et al. (2000), we as-
sumed that any perturbation in the disk propagates in a
wave-like regime, which is expected whenever H/r & α
(Papaloizou & Lin 1995). Thus, it is necessary that
(
H
R
)
& K(s) cosϕ0q [0.88f(q)]
3
(15)
for the primary’s disk to precess rigidly. For s =
0, H/r & 0.0027 if q ≈ 0.35, while for s =
−2, H/r & 0.0048 if q = 0.81. These lower
3 Even though 105 years is an arbitrary choice, it is enough to
provide an orbital stability of the secondary against gravitational
losses for a long period of time (e.g., after 104 years from now, the
orbital radius will shrink to ∼ 0.974Rps, decreasing the orbital
period and the precession period by a factor of about 0.961 in
relation to the present values).
limits are compatible with geometrically thin and
thick accretion disk models available in the liter-
ature (e.g., Shakura & Sunyaev 1973; Pringle 1981;
Abramowicz et al. 1988; Narayan & Yi 1994; Narayan
2003).
It is important to emphasize that all of these estimates
do not exclude the possibility that q > 1, as proposed
by Sobacchi, Sormani & Stamerra (2017), as they are in
agreement with the two scenarios presented at the end
of Section 3.
5. FINAL REMARKS
In this work, we analyzed the viability of the 2.18
year quasi-periodic variability detected in the γ-ray
light curves of the BL Lac object PG1553+113 by
Ackermann et al. (2015) to be associated with the pre-
cession of the parsec-scale jet of this source. With
this aim, we collected 17 interferometric maps of
PG1553+113 at 15 GHz, starting in mid 2009 and fin-
ishing at the end of 2016 (∼7.5 years of monitoring).
As in Caproni et al. (2014), we assumed that jet emis-
sion can be modeled by bidimensional, elliptical Gaus-
sian sources. We applied our CE global optimization
technique to determine the structural parameters of
these Gaussian components, being the brightest and the
southernmost component identified as the core, where
the jet inlet region must be located.
From the derived jet component offsets in right as-
cension and declination, we identified seven distinct
jet components with ballistic trajectories. Their ejec-
tion roughly coincided with the occurrence of γ-ray like
flares. In addition, their apparent speeds range from
5.0c to 17.9c, while their mean position angles in the sky
plane are between 7.◦5 and 75.◦2. We interpreted these
changes in βobs and η as a signature of jet precession.
We used our analytical precession model to fit simul-
taneously the right ascension and declination offsets of
each jet component, as well as their respective apparent
velocities and position angles in the sky plane. The best
set of precession-model parameters was estimated from
the application of the CE global optimization technique
in the minimization of the merit function (equation 10).
The counterclockwise sense of precession is strongly fa-
vored by the value of the merit function.
Our results indicate that the parsec-scale jet of
PG1553+113 is highly relativistic (γ ∼ 25), pointing
close to the line of sight (roughly between 5◦and 20◦),
and precessing with a period of ∼ 2.2 years (∼ 29.6 years
in the source’s reference frame) and a precession angle
of ∼ 10◦. Thus, precession introduces a periodic oscilla-
tion in the jet viewing angle (roughly between 5.◦2 and
25.◦3) that will induce periodic variations in the Doppler
boosting factor (between ∼ 0.4 and 8.5), and conse-
quently in the observed flux density of PG1553+113.
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Even though the jet precession period inferred in this
work agrees with the reported γ-ray periodicity, there
is a delay of ∼ 0.45 years between the maxima of jet
Doppler boosting factor and the peak of the main γ-ray
flares. It is interesting to note that although the value of
δ increases by a factor of ∼ 20 during the jet closest ap-
proach to our line of sight, neither radio, optical, or high-
frequency light curves presented strong peaks at those
times, as would be expected from beaming. This can
be explained considering that the total flux is the com-
bined emission of material ejected at different epochs,
with different angles relative to the line of sight, so that
the beamed contribution must represent a small part of
the total flux. We propose two scenarios involving a pu-
tative SMBH binary system in PG1553+113 that could
reconcile jet precession and the periodic occurrence of
the main γ-ray flares (see Section 3). Future monitor-
ing of the source’s activity in all wavelengths, including
radio interferometric studies, should be carried out in
order to confirm our results and propositions.
Finally, we estimated the characteristics of the pos-
sible SMBH binary system in PG1553+113, assuming
that the inferred jet precession is driven by a secondary
SMBH in a non-coplanar, circular orbit around the pri-
mary SMBH. Adopting the formalism in Bate et al.
(2000), and imposing stability against gravitational-
wave losses, we could estimate a lower limit for q: 0.35
for a power-law primary accretion disk with a constant
surface density (s = 0), increasing to about 0.81 for a
disk with s = −2. These limits in q translates to lower
limits for Pps,s and Rps: 0.54 years and 1.01× 10−3 pc
for s = 0, and 0.59 years and 1.08× 10−3 pc for s = −2.
Assuming that the primary’s disk precesses rigidly and
any perturbation propagates wavily through the disk, we
could set lower limits for the aspect ratio of the accretion
disk in terms of q and s: H/r & 0.0027 for s = 0 and
q = 0.35, and H/r & 0.0048 for s = −2 and q = 0.81.
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